[1] To understand the climate dynamics of hypothesized past greenhouse intervals, it is essential to constrain tropical sea-surface temperatures (SST), yet existing proxy records give conflicting results. Here we present the first Mg/Ca-based study of pre-Quaternary SST and investigate early Paleogene (late Paleocene through late middle Eocene; 58.6-39.8 Ma) tropical temperatures, using planktonic foraminifera belonging to the genus Morozovella from Ocean Drilling Program Site 865 on Allison Guyot (western central equatorial Pacific Ocean). Calcification temperatures similar to or warmer than modern tropical SST are calculated using a range of assumptions regarding diagenesis, temperature calibration, and seawater Mg/Ca. Long-term warming is observed into the early Eocene (54.8-49.0 Ma), with peak SST between 51 and 48 Ma and rapid cooling of 4°C beginning at 48 Ma. These findings are inconsistent with the d 
Introduction
[2] The climate of the early Paleogene ($65-40 Ma) is distinguished by some of the warmest temperatures of the Cenozoic Greenwood and Wing, 1995; Lear et al., 2000; Zachos et al., 2001; Billups and Schrag, 2003] and by long-term global cooling that culminated in the establishment of a cryosphere [Miller et al., 1987; Zachos et al., 1996; Lear et al., 2000; Zachos et al., 2001; Billups and Schrag, 2003] . In order to understand the dynamics of early Paleogene climate it is essential to constrain the geographic distribution of sea-surface temperatures (SST) and the equator-to-pole temperature gradient, because model simulations suggest these parameters respond to mechanisms driving climate change [Rind and Chandler, 1991; Sloan and Rea, 1995; Huber and Sloan, 1999 , 2001 Sloan et al., 2001] . However, tropical SST during hypothesized greenhouse periods such as the early Paleogene are an ongoing controversy in paleoceanography, with existing proxy records yielding conflicting results. The d
18 O values of planktonic foraminifera from deep-sea sediments indicate tropical SST several degrees cooler than modern values [Savin, 1977; Shackleton and Boersma, 1981; , with absolute calcification temperatures of 17 to 25°C ± 3°C estimated for the early Paleogene Crowley and Zachos, 2000] . These calculations assumed no ice volume [Browning et al., 1996] and constant surface water salinity. In addition, subtropical and tropical records exhibit a long-term decrease in d
18
O between 53 and 42 Ma that suggests a decline in temperature of 7 -8°C and/or an increase in surface water density . In contrast, proxies from other marine settings (outer shelf and coastal) and terrestrial environments suggest stable and warm (>26°C) tropical SST throughout the early Paleogene [Adams et al., 1990; Graham, 1994; Andreasson and Schmitz, 1998; Pearson et al., 2001; Tripati and Zachos, 2002] , similar to modern conditions. Ambiguities associated with interpreting planktonic foraminiferal d
18 O records have been invoked to explain the apparent discrepancy between these proxy data for tropical SST, termed the ''cool tropics'' paradox [Pearson et al., 2001; Zachos et al., 2002] . The d
18 O of calcium carbonate records both water d
18 O and calcification temperature, and therefore variations in regional sea-surface salinities can complicate and introduce large uncertainties into temperature reconstructions [Crowley and Zachos, 2000] . Diagenesis can also influence the robustness of d
O-based paleotemperature reconstructions ( Table 1 ). As such, the ''cool tropics'' paradox has been attributed to the contribution of water d
18 O and/or diagenetic overprinting [Schrag et al., 1995; Wilson and Opdyke, 1996; Schrag, 1999; Pearson et al., 2001; Rudnicki et al., 2001] . Recently, some authors have speculated planktonic foraminifera from deep-sea sediments may be composed of as much as 50% secondary calcite [Pearson et al., 2001] .
[3] Mg/Ca ratios of planktonic foraminifera provide an alternative method of estimating SST that should have different sensitivities to the factors described above. The Mg content of modern planktonic foraminifera is sensitive to calcification temperatures [e.g., Nurnberg et al., 1995 Nurnberg et al., , 1996 Lea et al., 1999; Dekens et al., 2002; Anand et al., 2003] , probably due to both a temperature effect on the inorganic distribution coefficient and to physiological processes influencing Mg uptake. Empirical Mg/Ca-temperature calibrations have been applied to Mg/Ca records from extant foraminiferal species to estimate absolute water temperatures, and combined with foraminiferal d
18 O values to deconvolve changes in SST and water d
O [Lea et al., 2000] . To date, Mg/Ca-based studies utilizing extinct planktonic foraminiferal species have been limited because of lack of understanding or quantification of environmental and vital effects in modern species [Delaney et al., 1985; Lea et al., 1999; Rosenthal et al., 2000] and appropriate temperature calibrations. The recent development of a multispecies Mg/Ca-temperature calibration for tropical and subtropical planktonic foraminifera [Anand et al., 2003] , which matches previous laboratory and core-top calibrations for single species [e.g., Nurnberg, 1995; Lea et al., 2000; Dekens et al., 2002] , enables the application of this proxy to studies of pre-Quaternary paleoceanography. The application of Mg/Ca paleothermometry to Paleogene taxa is limited to two studies that utilize benthic foraminifera, and apply models of seawater Mg/Ca to these data in order to assess long-term changes in deep-sea temperatures and ice volume [Lear et al., 2000; Billups and Schrag, 2003] .
[4] Our objectives are to use planktonic foraminiferal Mg/ Ca ratios to (1) estimate absolute calcification temperatures and long-term changes in SST, and (2) to compare Mg/Cabased SST with foraminiferal d
O values in order to resolve the ''cool tropics'' paradox. In this paper we present measurements of the Mg/Ca composition of planktonic foraminifers belonging to the genus Morozovella from ODP Site 865, Allison Guyot, in sediments ranging from 39.8 to 58.6 Ma. In order to estimate calcification temperatures, we assume the systematics governing the partitioning of magnesium into extinct foraminiferal taxa is similar to modern taxa. Morozovellids are thought to have been mixed-layer dwellers inhabiting a niche similar to that occupied by modern Globigerinoides sacculifer Rosenthal et al., 2000] and harboring algal symbionts similar to G. sacculifer [D'Hondt et al., 1994] .
[5] Complexities in interpreting Mg/Ca data can arise from dissolution Brown and Elderfield, 1996; Rosenthal et al., 2000 , Benway et al., 2003 , recrystallization [Baker et al., 1982; Delaney, 1989] , and changes in seawater Mg/Ca [Lear, 2001; Schrag, 2002, 2003] . We discuss these factors in detail, and present sensitivity analyses to the first three parameters in order to provide reasonable constraints on uncertainties associated with Mg/Ca-based SST. Diagenetic trajectories are calculated to estimate the potential effects of recrystallization on Mg/Ca, Sr/Ca, d
O, and d
13
C ratios given the unique geologic setting of ODP Site 865. We then assess the suitability of foraminiferal Mg/Ca values for reconstructing absolute calcification temperatures and long-term changes in tropical SST during the early Paleogene, and the implications of Mg/Ca-based SST for the origin of the ''cool tropics'' paradox. The Mg/Ca record is compared to the planktonic foraminiferal oxygen isotope record to assess the oxygen isotopic composition of tropical surface waters at this site. We also compare this record of tropical SST to benthic foraminiferal Mg/Ca data and highlatitude SST records in order to estimate past vertical and equator-to-pole temperature gradients.
Methods

Site Information
[6] ODP Hole 865B (Figure 1 ) was drilled in the western central equatorial Pacific on Allison Guyot (18°26 0 N, 17°33 0 W), part of the Mid-Pacific Mountain chain, at a water depth of 1530 m. The recovered Paleogene sedimentary section consists of pelagic sediments that overlie Cretaceous shallow marine limestones. An age model has been developed that is primarily based on calcareous nannofossil biostratigraphy [Bralower and Mutterlose, 1995] and adapted to the Berggren et al. [1995] timescale. Paleomagnetic data indicate this site was located at or near the equator throughout the Paleocene and Eocene . During the late Paleocene, the site is estimated to have been at 2°N, and during the late Eocene at 6°N. The foraminiferal assemblage is relatively diverse, and indicates warm, stratified, oligotrophic waters , 1993; .
[7] This section is unusual in the relative completeness and unique preservation of Paleocene and Eocene sediments Bralower and Mutterlose, 1995] . Burial depths for these sediments are very shallow ($20-130 mbsf) and lithologic data are consistent with early Paleogene sediments being above the ooze-to-chalk diagenetic transition [Shipboard Scientific Party, 1993] . Pore water geochemical profiles have constant strontium, magnesium, and calcium concentrations downcore, indicating that the upper sedimentary column is relatively open to seawater circulation [Shipboard Scientific Party, 1993] . Therefore in calculating the effects of diagenesis on foraminiferal geochemistry, we assume pore fluid composition and temperatures similar to those of seawater during the early Paleogene, as they are similar at present. Inspection of foraminifera tests shows thin coatings with minor amounts of secondary calcite, no in-filling calcite, and are consistent with good to excellent preservation . Offsets in carbon and oxygen isotope ratios between planktonic foraminifera species from this site also suggest good preservation Kelly et al., 1998 ].
Sample Preparation
[8] Samples were taken from the interval spanning 39.8 to to generate a Mg/Ca record.
No single species had a range spanning the entirety of the interval of interest, and therefore the following species were analyzed: Morozovella velazcoensis, Morozovella subbotinae, Morozovella aragonensis, Morozovella spinulosa, and Morozovella lehneri. We chose examined species from one lineage and selected specimens from the 300-355 mm size fraction. Foraminiferal samples consisting of ten to nineteen individuals were weighed, crushed, and cleaned to remove clays, organic matter, and secondary carbonate (Barker et al. [2003] as modified from Boyle and Rosenthal [1996] ) in acid-cleaned polystyrene vials. These additional phases can contribute significant amounts of magnesium during analysis [Emiliani, 1955; Hastings et al., 1998; Barker et al., 2003] .
[9] Crushed samples were rinsed and briefly ultrasonicated in ultrahigh quality water (UHQ H 2 O) five times, in methanol (Aristar grade) twice, and then in UHQ H 2 O again to remove clays and fine-grained carbonates. To remove organic matter, samples were then reacted twice with an oxidizing reagent (buffered hydrogen peroxide) in a hot water bath, each time for ten minutes with brief intervals of ultrasonication. Samples were then transferred to clean vials, reacted with a weak acid, and rinsed in UHQ H 2 O. Cleaned samples were dissolved the day of analysis in 300 ml of quartz-distilled 0.075M HNO 3 and ultrasonicated to promote dissolution, and then transferred to a clean polystyrene vial to prevent possible leaching from residual particles. Calcium concentrations were determined using a working curve, and samples diluted to achieve a solution of between 30 and 60 ppm Ca.
Determination of Elemental Ratios
[10] High-precision Mg/Ca and Sr/Ca ratios were determined in the Department of Earth Sciences at the University of Cambridge on a Varian Vista inductively coupled plasma optical emission spectrophotometer (ICP-OES), using the method outlined by de Villiers et al. [2002] . Fresh acid [11] Repeat analysis of liquid standards yields a long-term analytical precision, as defined as ±1s (sample relative standard deviation, rsd) of ±0.4% for both Mg/Ca and Sr/Ca. Solution consistency standards with three different molar ratios were analyzed throughout the run, with a precision of ±0.3% rsd for both Mg/Ca and Sr/Ca. In addition, analyses of 10 splits of a core-top foraminiferal standard (Globigerinoides ruber) have a % rsd of ±2.7% for Mg/Ca and ±1.9% for Sr/Ca. Between two and five foraminiferal samples from seventeen intervals were also separately processed and analyzed in order to assess both cleaning reproducibility and sample heterogeneity, yielding an uncertainty of ±2.7% for Mg/Ca and ±2.5% for Sr/Ca. Mn/Ca ratios of samples were monitored as an indicator of oxyhydroxides and manganese carbonate overgrowths, and sample values (between 0.003 and 0.015 mmol/mol) indicate these phases are not present. To assess possible contamination by clays, we monitored Fe/Ca, and Fe/Mg ratios, and Ti and Al concentrations. Typical planktonic foraminiferal calcite has Fe/Ca ratios of less than 0.10 mmol/ mol and Fe/Mg ratios of less than 0.01 to 0.02 mol/mol. Three samples had high iron content, with Fe/Ca and Fe/Mg ratios exceeding these criteria, and were excluded from the results and discussion (Table 2) . Also, in order to eliminate interspecific differences in Mg/Ca and Sr/Ca, species offsets are calculated for every sample for which there are multiple species measured (n = 2 -4 samples). An average species offset from M. aragonensis, the most abundant species, is applied to these data.
Results
[12] Measured Mg/Ca ratios in these foraminiferal samples range from 3.6 to 5.3 mmol/mol (Table 2, Figure 2 ), and Sr/Ca ratios range from 0.84 to 1.10 mmol/mol (Table 2) . Mg/Ca ratios are within the range of values observed in modern low-latitude planktonic foraminifera Anand et al., 2003] . Sr/Ca ratios are lower than the 1.25 -1.45 mmol/mol reported for low-latitude planktonic foraminifera by , and are consistent with excellent preservation and minimal recrystallization [e.g., Thomas et al., 1999] . No trend is observed between Mg/Ca and Sr/Ca ratios.
[13] Average apparent species offsets relative to M. aragonensis are small (Mg/Ca, À0.20 to +0.16 mmol/mol; Sr/Ca, À0.03 to +0.04; Table 2 
Discussion
[14] Before using the Mg/Ca data to reconstruct calcification temperatures, we discuss the potential errors in applying the Mg/Ca temperature proxy to this record. First, we assess the preservation of primary test composition and the impact of diagenesis on shell geochemistry. Second, the temperature sensitivity of Mg uptake in calcite is described, and different calibrations for modern planktonic foraminifera from tropical and subtropical settings are compared. Finally, the effects of uncertainties in estimates of early Paleogene seawater Mg/Ca on paleotemperatures are evaluated. Other secondary factors such as water salinity and pH likely also influence the Mg/Ca record from ODP Site 865; however, these environmental parameters have been demonstrated to exert a minor control on foraminiferal Mg/Ca relative to temperature effects and interspecies offsets [Lea et al., 1999] , and therefore are not discussed.
Preservation
[15] After burial foraminiferal test composition can be influenced by (1) the selective dissolution of Mg-rich portions of the test in undersaturated waters near the sediment-water interface Brown and Elderfield, 1996; Rosenthal et al., 2000] , and by (2) the precipitation of secondary inorganic calcite during diagenesis. Dissolution makes the Mg/Ca and Sr/Ca of a foraminiferal test decrease and d
18
O increase, and therefore would bias both Mg/Ca and d
18 O-based temperatures toward cooler values. In order to minimize the influence of dissolution on paleoceanographic reconstructions, it is important to assess the paleodepths of the calcite saturation horizon and use foraminiferal tests from sediment cores that were significantly above this depth. On the basis of the above, dissolution is unlikely to have influenced the magnesium content of the tests considered here because of the shallow paleodepths of the site and because of the sediment burial history [Shipboard Science Party, 1993] . Paleodepths of 1300 -1500 m are reconstructed for ODP Site 865 [Shipboard Scientific Party, 1993; , whereas the equatorial Pacific carbonate compensation depth is estimated as consistently deeper than $3200 m [Shipboard Scientific Party, 2002] .
[16] Foraminiferal tests can accumulate secondary inorganic calcite that precipitates from pore fluids. To assess the influence of secondary calcite on the elemental and stable isotope composition of foraminifera, it is necessary to consider the pore fluid composition and the burial condi- tions to which tests were exposed. Early Paleogene foraminifera from ODP Site 865 are in a unique preservational setting. They occur within relatively unlithified sediments (a thin sequence of foraminiferal ooze) at shallow burial depths (<150 mbsf), and pore fluids are identical in composition to seawater with respect to Sr, Mg, and Ca content [Shipboard Scientific Party, 1993] . At these conditions, Mg/ Ca and Sr/Ca ratios of inorganic calcite will reflect pore fluid composition and partition coefficient (which can be controlled by precipitation temperature), and d
O values will depend on fluid composition and precipitation temperature. We predict the geochemical composition of inorganic calcite (Table 3 ) using a range of effective partition coefficients for Mg and Sr observed in deep-sea settings, experimentally derived partition coefficients, estimated fractionation factors, and a wide range of interstitial water compositions and precipitation temperatures (references in Table 3 ). On the basis of these calculations we estimate inorganic calcite precipitating from interstitial waters during early diagenesis at ODP Site 865 would have similar Mg/Ca and d
13
C ratios, lower Sr/Ca ratios, and higher d
18 O ratios, relative to foraminiferal calcite.
[17] To estimate the impact of secondary calcite on the range of measured ratio and isotope compositions at this site (Foram 1, 2, 3 in Tables 4-6), we calculate the primary foraminiferal test compositions assuming varying amounts of secondary calcite and using reasonable values for an inorganic component formed during early diagenesis (Table 3) . It is important to note that existing data on the elemental composition of inorganic calcites from deep-sea settings is very limited [Baker et al., 1982; Delaney, 1989; Andreasen and Delaney, 2000] and therefore the composition of secondary calcite is poorly constrained. Reported effective partition coefficients for Mg and Sr can be an order of magnitude different from experimentally derived partition coefficients [Mucci and Morse, 1983; Morse and Bender, 1990] . Thus the application of the latter to deepsea settings may not be appropriate [Baker et al., 1982; Morse and Bender, 1990] . Calculated diagenetic trajectories are most consistent with tests being composed of minor amounts of secondary calcite (i.e., less than 20 -30% secondary calcite; see Tables 4 -5), although greater amounts of recrystallization may be reflected in some samples. This recrystallization would result in small changes in Mg/Ca and d [Mucci and Morse, 1983] , then minor recrystallization would result in very large changes in Mg/Ca (Table 4) . In this case, the measured Mg/Ca ratios from ODP Site 865 can only be reconciled with a very minor diagenetic component (i.e., (Table 6 ).
Temperature Calibration
[18] Comparisons of calcification temperature to Mg/Ca data for various species of modern planktonic foraminifera from different settings suggest the interspecies variability in magnesium uptake is quite small. Various calibrations converge on a temperature sensitivity of 9 -10% per degree [Nurnberg et al., 1995 [Nurnberg et al., , 1996 Lea et al., 1999; Anand et al., 2003] . Although this is less precise than species-specific calibrations developed for G. sacculifer and G. ruber, we choose to apply the multispecies calibration developed for subtropical and tropical planktonic foraminifera [Anand et al., 2003] since it is more robust for application in studies utilizing multiple and/or extinct species, and because interspecies offsets observed in the record from ODP Site 865 are smaller than intraspecies differences. The relationship between Mg/Ca (mmol/mol) and temperature (°C) defined by Anand et al. [2003] for their multispecies calibration is Mg/Ca = 0.38 (±0.02) exp 0.091 (±0.003) T. For comparison, the temperature sensitivities published for species-specific calibrations range from 0.089 to 0.09, and the pre-exponential constants range from 0.3 to 0.39 [Nurnberg et al., 1995 [Nurnberg et al., , 1996 [Nurnberg et al., , 2000 Lea and Martin, 1996; Lea et al., 2000; Dekens et al., 2002] . Temperature calculations vary by 3°C depending on the calibration used (Table 7) .
Mg/Ca of Seawater
[19] To evaluate temperatures using foraminiferal Mg/Ca values, seawater Mg/Ca ratios must be known. Spatially, seawater Mg/Ca is relatively insensitive to large changes in water salinity, unlike the d 18 O of seawater [e.g., Klein et al., 1996] . Although seawater Mg/Ca can change over time, the long residence times of magnesium and calcium (13 and 1 Ma, respectively) [Broecker and Peng, 1982] result in slow changes in seawater Mg/Ca, occurring on timescales of tens of millions of years [e.g., Wilkinson and Algeo, 1989; Stanley and Hardie, 1998 ]. Estimates of early Paleogene Table 2 legend). Reported errors are calculated using precision of repeat analyses of three liquid consistency standards (±0.4% for Mg/Ca and Sr/Ca), and of foraminiferal samples used in this study (average reproducibility of replicates is ±2.7% for Mg/Ca; 1s of replicates is 1.8%; average reproducibility of replicates is ±2.6% for Sr/Ca; and 1s of replicates is 2.3%).
seawater Mg/Ca ratios are based on either sedimentary archival constraints on the chemistry of ancient oceans [e.g., Lowenstein et al., 2001; Dickson, 2002] or models [e.g., Berner et al., 1983; Wilkinson and Algeo, 1989; Hardie, 1996; Stanley and Hardie, 1998 ] that include the major geochemical processes that can influence the marine budgets of these elements [Broecker and Peng, 1982] . Though direct reconstruction of seawater Mg/Ca during the early Paleogene is limited in temporal resolution and has large errors, these do place constraints on both past seawater Mg/Ca values and also on the accuracy of seawater composition derived from models. Sedimentary archives indicate seawater Mg/Ca values were less than modern (5.1 mol/mol), and likely were in the range of 2 to 4 mol/mol during the Paleocene (echinoderms; Dickson [2002] ) and Eocene (fluid inclusions in evaporites; Lowenstein et al. [2001] ).
[20] Seawater models falling within these constraints include a model of Wilkinson and Algeo [1989] and that of Stanley and Hardie [1998] which both take into account changes in riverine input, the amount and type of carbonate sedimentation, evaporite precipitation, and hydrothermal activity. Both models predict a gradual long-term increase in seawater Mg/Ca due to a decrease in overall hydrothermal activity and seafloor spreading rates, with values increasing from 3.0 to 3.5 mol/mol [Wilkinson and Algeo, 1989] and from 1.4 to 1.9 mol/mol [Stanley and Hardie, 1998 ] between 59 and 40 Ma. However, these two seawater Owing to shallow burial depth, this is assumed to be between 5 and 13°C, similar to early Paleogene bottom-water temperatures [Lear et al., 2000; Lear, 2001 . The range of Mg/Ca and Sr/Ca values used take into account the temperature sensitivity of Mg and Sr partition coefficients over this temperature range.
d Experimentally derived partition coefficient [Katz, 1973] . C value used is 3% (V-PDB), as this is the mean value for the ambient bulk (nannofossil) carbonate [Shackleton et al., 1984; . models may overestimate the magnitude of Cenozoic seawater Mg/Ca changes. A recent reevaluation of seafloor production rates [Rowley, 2002] argues that spreading rates have remained relatively constant, and are consistent with Li/Ca data [Delaney and Boyle, 1986] in suggesting that hydrothermal exchange has not varied by more than 30-40%. An alternate seawater model by Wilkinson and Algeo [1989] assumes invariant spreading rates and therefore a longer residence time of Mg in seawater with respect to hydrothermal circulation, and predicts seawater Mg/Ca ratios were within 15% of modern values during the Cenozoic. If we assume there is an upper limit to tropical SST [e.g., Pierrehumbert, 1995] , then the low seawater ratios of Stanley and Hardie [1998] are unreasonable as these would yield calcification temperatures for planktonic foraminifera in excess of 37-40°C when applied to the Mg/Ca record from ODP Site 865. This seawater model also results in very warm deepwater temperatures when applied to benthic foraminiferal Mg/Ca values [Billups and Schrag, 2003 ]. Therefore we apply both the model of Wilkinson and Algeo [1989] , with seawater Mg/Ca ratios of 3.0 to 3.5 mmol/mol, and modern seawater Mg/Ca values to reconstruct calcification temperatures from foraminiferal Mg/Ca data.
Mg/Ca-Based Paleotemperatures
[21] Using the seawater Mg/Ca history of Wilkinson and Algeo [1989] , calculated paleotemperatures based on ODP Site 865 foraminiferal Mg/Ca data range between 30 and 34°C (Figure 3) . Late Paleocene temperatures are estimated to be 31°C, gradually warming to peak temperatures of 33-34°C during the early Eocene, between 51.2 and 48.5 Ma. Mg/Ca-based temperatures rapidly cool during the early middle Eocene at 48 Ma, to 30-31°C, and remain relatively stable through the middle Eocene. Assuming constant Cenozoic seawater Mg/Ca ratios we estimate a similar temperature history, and absolute calcification temperatures that are 5 degrees cooler, between 25 to 29°C. For comparison, modern SST at similar equatorial Pacific sites are 27-28°C, and water d
18 O values are 0.5 to 0.7 per mil . Thus the Mg/Ca record indicates relatively stable and warm calcification temperatures during the early Paleogene, similar to reconstructed SST from shallow-marine sequences [Adams et al., 1990; Andreasson and Schmitz, 1998; Pearson et al., 2001; Tripati and Zachos, 2002] , and similar or slightly higher than modern SST. These Mg/Ca-based calcification temperatures are several degrees warmer than those that have been previously calculated using foraminiferal d
18
O values from this site [ Figure 3 ; Bralower et al., 1996] and other low-latitude sites [Savin, 1977; Shackleton and Boersma, 1981; Zachos et al., 1994] .
[22] One source of uncertainty in both Mg/Ca and d
Obased paleotemperatures is the amount of secondary calcite present, and the composition of this overgrowth. Recrystal- [Anand et al., 2003 ] are between $1.4 and 5.2 mmol/mol ($2.3 -5.2 mmol/mol for spinose species only), although values as high as 8.8 mmol-mol have been observed in Orbulina universa [Lea et al., 1999; Anand et al., 2003 ]. [Brown and Elderfield, 1996; Lea et al., 1999; are between $1.15 and 1.55 mmol/mol. lization would bias temperature estimates toward cooler values (Tables 1 and 8 ). Assuming shell geochemistry reflects up to 30% recrystallized calcite and using effective partition coefficients calculated at deep-sea sites, Mg/Cabased temperatures may be biased by as much as 3°C, and d
O-based temperatures up to 6°C. Other known sources of uncertainty in Mg/Ca-based temperature estimates include offsets in pre-exponential constants between different temperature calibrations, and the history of seawater Mg/Ca. We use conservative calculations to estimate the sensitivity of Mg/Ca and reconstructed paleotemperatures to these factors (Table 7) , and find that absolute temperatures vary by 3-5°C. Importantly, all estimates still yield calcification temperatures in excess of 25°C (Tables 7 -8) , and are warmer than previous d
18 O-based temperatures (Table 1) . Mg/Ca data support warm and stable SST despite the uncertainties discussed above. [Erez and Luz, 1983] and Mg/Ca-based paleotemperatures. However, the uncertainties in this calculation are large because any recrystallization is likely to have impacted shell geochemistry. The 1.5% range in reconstructed water d
Implications for Interpreting the Planktonic
18 O probably reflects these large uncertainties, and also some component of surface water salinity and/ or ice volume fluctuations in the isotope record. Nonetheless, these absolute water d
18 O values are greater than calculated using either of the approaches typically used. This suggests that during the early Paleogene there may have been greater evaporation of surface waters at this site, resulting in higher sea-surface salinities. This hypothesis is consistent with a more vigorous hydrologic cycle during Multispecies [Anand et al., 2003] . d G. sacculifer [Dekens et al., 2002] . e G. sacculifer [Nurnberg et al., 1995 [Nurnberg et al., , 1996 [Nurnberg et al., , 2000 . f G. ruber [Dekens et al., 2002] . g G. ruber [Lea and Martin, 1996; Lea et al., 2000] . Huber and Sloan, 2001; Huber and Caballero, 2003] , and are consistent with a weaker ETP heat transport relative to modern.
[25] To estimate early Paleogene vertical temperature gradients we compare Mg/Ca records from planktonic and benthic foraminifera. A relatively consistent offset of 1.5 to 2.5 mmol/mol is observed between planktonic foraminifera from ODP Site 865 and benthic foraminiferal data from a global composite record [Lear et al., 2000; Lear, 2001] . This corresponds to early Paleogene vertical temperature gradients of between 15 and 20°C. Comparison of Mg/Cabased temperatures from ODP Site 865 (using seawater Mg/ Ca values from Wilkinson and Algeo [1989] ) and highlatitude SST from Zachos et al. [1994] indicate gradients of 18 -26°C. Small gradients of 18-21°C are calculated for the late Paleocene through early Eocene, with the lowest values between 51 and 48 Ma, associated with peak tropical SST and pronounced global warmth . Gradients increase to 22-26°C during the middle Eocene when SST at high and middle latitudes cool by several degrees and tropical SST remain relatively warm. If we assume constant Cenozoic seawater Mg/Ca, ETP temperature gradients are reduced by 4°C, and are between 14-22°C. For comparison, ETP temperature gradients of 25 -28°C are observed in the modern ocean. Both calculation of past vertical temperature gradients, and direct comparison of tropical SST [Adams et al., 1990; Andreasson and Schmitz, 1998; Pearson et al., 2001; Tripati and Zachos, 2002;  this study] to high-latitude SST estimates [e.g., Zachos et al., 1994; Tripati et al., 2001] , indicate significantly smaller vertical and ETP thermal gradients during the early Paleogene than at present, and gradients that are larger than previously estimated using foraminiferal d
18
O data .
Conclusions
[26] Mg/Ca ratios of early Paleogene surface-dwelling planktonic foraminifera tests from ODP Site 865 range from 3.6 to 5.3 mmol/mol, similar to observations in modern tropical planktonic foraminifera. Early Eocene ratios are the highest observed, reaching a maximum between 51 and 48 Ma. Mg/Ca values decrease during the late early Eocene, at 48 Ma, and remain relatively stable through the middle Eocene. The Mg/Ca record implies relatively warm and stable calcification temperatures that are similar to modern tropical Pacific SST, despite uncertainties associated with diagenesis, choice of calibration, and past seawater Mg/Ca ratios. To assess sensitivity of foraminiferal Mg/Ca and Mg/Ca-based temperatures to our assumptions, and to place reasonable constraints on sources of uncertainty, we perform a simple set of calculations and consider the environmental conditions to which tests were exposed. We conclude that carbonate dissolution had a minimal impact on foraminiferal Mg/Ca, as paleodepths of ODP Site 865 are estimated to have been at least 1700 m above the carbonate compensation depth. Recrystallization has probably impacted the geochemistry of foraminifera, and we estimate up to 20-30% secondary calcite may be present. Calcification temperatures of 30-34°C are calculated using a published model for seawater Mg/Ca driven by changes in overall hydrothermal activity and spreading rates, and temperatures of 25°C to 29°C are calculated assuming constant seawater Mg/Ca ratios during the Cenozoic. The generation of records from other sites would minimize these uncertainties, and a consistency in observed trends in Mg/Ca for different planktonic taxa would also validate our interpretations.
[27] Our results have several implications for the origins of the ''cool tropics'' paradox, despite the range of possible temperatures derived from foraminiferal Mg/Ca. Mg/Cabased paleotemperatures from ODP Site 865 are similar to estimates from low-latitude shallow-marine sequences, and reconstructions based on marine fauna. 18 O values to record early Paleogene surface water conditions that were slightly warmer and more saline than at present. Comparison to deepwater temperature records indicate there may have been weaker vertical thermal stratification during the early Paleogene. We also estimate reduced equator-to-pole thermal gradients during the early Paleogene, with minimum gradients coincident with peak tropical warmth during the early Eocene. Gradients increase during the middle Eocene, with tropical SST cooling by 3 -4°C and high-latitude SST cooling by several degrees. This finding is consistent with a weaker ocean circulation and heat transport during the early Paleogene, relative to modern.
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